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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT 


U.S. customary units of measurement used in this report can be converted to 
metric (SI) units as follows: 


Multipl by To obtain 
2-54 centimeters 
square inches 6-452 Square centimeters 
cubic inches 16.39 cubic centimeters 
feet 30.48 centimeters 
0.3048 meters 
square feet 0.0929 Square meters 
cubic feet 0.0283 cubic meters 
yards 0.9144 meters 
Square yards 0.836 square meters 
cubic yards 0.7646 cubic meters 
miles 1.6093 kilometers 
square miles 259.0 hectares 
knots 1.852 kilometers per hour 
acres 0.4047 hectares 
foot-pounds 1.3558 newton meters 
nabelenares 1.0197 x 1073 kilograms per square centimeter 
ounces 28.35 grams 
pounds 453.6 grams 
0.4536 kilograms 
ton, long 1.0160 metric tons 
ton, short 0.9072 metric tons 
degrees (angle) 0.01745 radians 
Fahrenheit degrees 5/9 Celsius degrees or Kelvins! 


lfo obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
use formula: C = (5/9) (F -32). 
To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15. 


SYMBOLS AND DEFINITIONS 
width or beam of breakwater (dimension in direction of wave motion) 
breakwater aspect ratio 
wave height transmission ratio, C, = H,/H 
tire diameter 
relative draft 
water depth 


peak mooring force on seaward mooring line (per unit length of 
breakwater) 


center-to-center distance between pipes of PT-Breakwater 
gravitational acceleration 

incident wave height 

wave steepness 

transmitted wave height 

wavelength 

relative wavelength 

wave period 

specific weight of water 

horizontal displacement of breakwater from equilibrium position 


length of breakwater (dimension at right angles to direction of wave 
motion) 


kinematic viscosity of water 


WAVE TRANSMISSION AND MOORING-FORCE CHARACTERISTICS 
OF PIPE-TIRE FLOATING BREAKWATERS 


by 
Volker W. Harms, Joannes J. Westerink, 
Robert M. Sorensen, and James E. McTamany 


I. INTRODUCTION 


This report presents methods for constructing a recently developed float- 
ing breakwater that consists largely of scrap pneumatic-tire casings, and 
also provides basic data for the design of such structures. The idea of con- 
structing floating breakwaters almost entirely from scrap tires was originally 
conceived two decades ago by R.L. Stitt and resulted in a patent for the wave- 
maze floating tire breakwaters (Stitt, 1963; Kamel and Davidson, 1968). More 
recently, this concept was adapted in the development of the Goodyear floating 
tire breakwater (Kowalski, 1974; Candle, 1976). Both these breakwaters 
are flexible in all directions since there are no rigid structural members 
utilized. The Goodyear module ciffers from the Wave-Maze in the size of the 
tires used (automobile as opposed to truck tires), geometric arrangement of 
the tires (single-layer upright versus triple-layer “sandwich”), and binding 
materials and techniques used (typically conveyor-belt loops as opposed tb 
bolted-tire connections). A number of floating breakwaters of both types have 
been installed on the Great Lakes, the east and west coasts of the United 
States, and overseas, with various levels of success. 


Although the installation of floating breakwaters is frequently favored 
over bottom-resting structures for a number of environmentally related reasons 
(e.g., impact on water circulation, fish migrations), the principal reason for 
considering floating breakwaters made of tires is their relatively low cost. 
For small marinas of less than 100 boat slips, floating breakwaters are fre- 
‘quently the only wave protection system that is economically feasible with 
costs ranging from $10 to $100 per horizontal square meter of breakwater. At 
the same time, it must be recognized that floating tire breakwaters provide 
less wave protection, are less rugged, and have lower extreme event survival 
capabilities than conventional bottom-resting structures, such as rubble-mound 
and sheet-pile breakwaters. A comparison of knowledge acquired from field 
installations and prototype-scale laboratory tests suggests that the Goodyear 
and Wave-Maze floating tire breakwaters should be limited to semiprotected 
sites, or short fetch applications (e.g., 10 kilometers or less), with signif- 
icant wave heights below 0.9 to i.2 meters. At locations with severer wave 
climates (larger wave height and period), several limitations have been 
encountered with regards to: 


(a) Structural Integrity. The response behavior of wave-induced 
mooring loads increases approximately with the square of the wave 
height. While under severe wave action the following problems have 
been encountered: (1) modules connected to the seaward mooring lines 
separate because of excessive loads, (2) anchors fail or “walk” 
because of the large mooring forces, (3) flotation material is lost 
from individual tires because of the excessive stretching and twist- 
ing, and (4) tire connection and binding materials reach their fail- 
ure limit. 


(b) Breakwater Size. As with all breakwaters, the size of a 
floating tire breakwater is site specific. The dimension of the 
breakwater in the direction of wave propagation (width or beam) must 
generally be at least as large as the locally predominant wavelength 
(design wave). This implies that a very large breakwater will be 
required at sites with long period waves, which not only increases 
the breakwater's cost but also may not be feasible because of space 
limitation. 


(c) Buoyancy. Portions of the breakwater configuration may begin 
to sink if individual tires lose their flotation material (e.g., 
caused by stretching and twisting while under high loads) or if the 
structure gains too much weight with time (caused by deposition of 
suspended sediments in the tire casings or excessive marine growth). 


In an attempt to improve on the design characteristics of the floating 
breakwaters discussed above, another wave protection concept utilizing 
pneumatic tire casings as the major construction material has recently been 
developed by the senior author at the State University of New York at Buffalo 
(Harms and Bender, 1978; Harms, 1979a). It is referred to as the Pipe-Tire 
Breakwater (PT-Breakwater), or Harms Breakwater, and is basically a hybrid 
structure with massive, rigid, cylindrical members (e.g., steel or concrete 
pipes) embedded in a flexible matrix of scrap tires. Experiments performed 
with several small-scale PT-Breakwater models (Harms, 1979b) and one full- 
scale breakwater demonstrated that this design provides significantly more 
wave protection than the Goodyear or Wave-Maze breakwaters constructed of 
equal size. These early laboratory tests also suggested that a full-scale 
PT-Breakwater would have superior extreme event survival capabilities, while 
preliminary calculations indicated that costs would remain low enough for this 
wave protection system to be economically attractive. 


Because of the PTI-Breakwater's potential contribution to low-cost wave 
protection, prototype-scale experiments over a wide range of wave conditions 
were conducted in a joint test program between the State University of New 
York at Buffalo and the U.S. Army Coastal Engineering Research Center (CERC). 
Full-scale tests, which are the subject of this report, were conducted in the 
large wave tank at CERC. Investigations were aimed at defining the wave 
transmission and mooring-force characteristics of PT-Breakwaters; it was also 
intended that structural failure modes be analyzed, should it be possible to 
induce them within the range of wave conditions that could be generated in the 
tank. 


Figures 1 and 2 provide a general impression of a floating PT-Breakwater. 
This field installation at Mamaroneck, New York, is based on the PT-1 module 
discussed in this report; it is constructed of truck tires with steel pipes 
serving as the structural members and flotation chambers. The orientation of 
the pipes with respect to the incident wave train is shown in Figure 3. 


II. THE PIPE-TIRE BREAKWATER 
The PTI-Breakwater is basically a mat composed of flexibly interconnected 
scrap tires, floating near the surface, into which massive cylindrical members 


are inserted to provide stiffness in the direction of wave motion and to serve 
as buoyancy chambers. Major structural features of the PTI-Breakwater are 
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Figure 1. PT-Breakwater field installation (PT-1 
modules; Mamaroneck, New York). 


Figure 2. Typical PT-Breakwater module with tire- 
armored pipes (Mamaroneck, New York). 
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Figure 3. Orientation of PT-Breakwater. 


(a) densely spaced tires, (b) tire-armored longitudinal stiffeners (frequently 
steel pipes), and (c) flexible connections and binding materials (no steel-to- 
rubber connections). The orientation of the pipes with respect tio the inci- 
dent wave train is shown in the drawing in Figure 3, with major structural 
features of the breakwater shown in the module schematic in Figure 4 and the 
definition sketch in Figure 5. 


1. Breakwater Modules and Components. 


Two versions of the PT-Breakwater, designated as the PT-1 and PT-2 mod- 
ules, were tested in the large wave tank at CERC (Fig. 6). The PT-1 module, 
which is the most massive of the two due to its composition of truck tires and 
steel pipes, is shown in the foreground. The PT-2 module is constructed from 
car tires and used telephone poles. From the detailed drawing of the PT-1 
module (Fig. 4), several important structural features of the breakwater 
emerge: 


(a) A series of parallel conveyor-belt loops receive all lateral 
loads (at right angles to the direction of wave motion), supports all 
tires that are not “riding” on the pipe, and couples one module to 
the next. 


(b) Wave-induced hydrodynamic loads are ultimately transferred 
from tire strings to the tire-armored steel pipe. This takes place 
in stages. Wave action displaces tire strings and belt loops in the 
direction of the wave motion (along the pipe) causing the pipe tires 
to slide along the pipe and become compressed as they transfer their 
load to the tire retainer at the end of the pipe (Figs. 4 and 7). 


(c) The pipe itself effectively floats in a dense matrix of 
flexibly connected tires. 
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——12' x 40'PT BREAKWATER MODULE — — 


56 SU5H, 04048 A544 M4039 3035, IISD, 2125, 25222) BW 9854 eee EEL RES byipunven) 
“52 mM 43423837 343398 5409S =——BELT Loop TIRES 
: =: + ee ==> 


16" STEEL PIPES 
(49 long, I2'apart ) 


12 STRINGS, 
(10 tires each) 


TIRE RETAINER 
ne 


faa (405 dione 56 TIRES PER PIPE Lae ae 
Si sR 
ey Vane oe See 
lr 1 10 a Me 6 5 3 4 
“| ( dA Vo De ve is UNG ee aD) 
SHORE WARD [+ -— = -—- - === | SEAWARD 
TE= TRAILING EDGE WIDTH B= 40' LE = LEADING EDGE 


Note :!£ Truck fires used, 40” diameter 


Figure 4. Schematic of PT-1 breakwater module. 


Figure 5. Definition sketch for PT-Breakwater. 
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Figure 6. Assembly of PT-1 (foreground) and PT-2 modules. 


—— PIPE RETAINER —— 


4 SECTIONS OF 2" STEEL PIPE 
SCREWED INTO PIPE-CROSS 
AT CENTER 


16" STEEL-PILE PIPE, 
0.281" WALL 


‘STEEL END PLATE, 
5/16" 


FLOTATION CRAMBER 
( foam filled ) 


Figure 7. Tire retainer at end of pipe. 
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The tire retainer used in the PT-1 module is shown in Figures 4 and 7. In 
the case of the PT-2 module, the retainer was a tire casing that was held in 
place by a 1.9-centimeter threaded steel rod extending through the telephone 
pole and casing. 


Standard marine steel-pile pipes were utilized as buoyancy chambers and 
stiffeners in the PT-1 module; they were 12.2 meters long and 41 centimeters 
in diameter, with a wall thickness of 0.71 centimeter. Scrap telephone poles 
were used for the PT-2 module; they were 12.2 meters long with a diameter of 
33 centimeters at the butt end and 23 centimeters at the tip. 


Truck tires ranging in size from 9.00-18 to 10.00-20, with an average 
diameter of 102 centimeters were used for PT-l. Car tires with rim sizes 
ranging from 32 to 38 centimeters were used for PT-2; the average diameter was 
about 65 centimeters. 


A three-ply conveyor belt strip, 14 centimeters wide and 1.3 centimeters 
thick, was used as the binding material; this had a rated breaking strength of 
7900 kilograms. A five-hole bolted connection (Figs. 8 and 9) was used to tie 
the belt into continuous loops. 


Figure 8. Breakwater and mooring-system components. 
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Steel— pipe 
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Figure 9. Tire mooring damper (six tires are used in the 
MS-1 mooring system discussed in Sec. III,2). 


2. Construction Procedures. 


The floating tire breakwater is a modular construction concept. The pro- 
cedures followed in the actual construction of the PT-1 modules are described 
in this section. The procedures used for the PTI-2 modules are very similar 
and therefore are not covered. When constructing these modules onsite and 
at field installations, it should be insured that a crane with sufficient 
lifting capacity is provided as the two-pipe PT-1 module weighs approximately 
11 metric tons and the PT-2 module weighs about 4 metric tons. 


Assembly of the breakwater is begun by arranging the tires according to 
the pattern shown in Figure 4 but leaving out those tires labeled free ttres 
(i.e., all tires not connected in some way to a belt). This phase is depicted 
in Figure 10, where the last tire is just being rolled into place, and also in 
Figure 11, where the conveyor-belt strips are being prepared by cutting to 
length and punching the five-hole bolted pattern with a gasket or leather 
punch (also shown in Fig. 6). 


Having assembled the tires, the belts are then guided through the tire 
casing according to the pattern shown in Figure 4. An illustration of this 
procedure is shown in Figures 12 and 13. The belt-to-belt connection is then 
completed by overlapping the belt ends and inserting the five bolts required 
for each connection (see Fig. 14). A single bolt is used to fix each belt 
loop to the sidewall of one belt-loop tire (see Figs. 15 and 4); this prevents 
the belt from rotating under wave action. 


After all the belt loops: have been bolted together and anchored, the 
remaining free tires are rolled into place. The unit is then ready for inser- 
tion of the pipe. One forklift is used to raise the pipe and position it for 
entry into the long tunnel created by the 56 alined tires; a second forklift, 
or similar device, pushes and alines the pipe as required. This having been 
accomplished, the module appears as shown in Figure 6. The tire retainer 
shown in Figure 7 (or the one depicted in Fig. 8) is then installed at each 
end of the pipe, and the PT-1 module is ready to be lifted into the water (see 
Bale wli6) re 
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Figure 12. Guiding conveyor-belt strip through tire casings. 


SAT : Ser 


SEE Sc ai Ses SRS 


Figure 13. Tensioning belt before completing belt-to-belt connection. 
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Figure 14. Belts are overlapped and bolted together. 


Figure 15. Belt is anchored to sidewall of one tire. 
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Figure 16. PT-l module ready for lift into wave tank. 


3. Breakwater Buoyancy. 


a. Pipe Buoyancy Test. A simple buoyancy test was executed by resting 
steel I-beams on top of one of the tire-armored pipes of the PT-1 module until 
total submergence was attained (i.e., crown of tires just at the water sur- 
face, case B in Fig. 17). Starting from the static, no-load equilibrium 
position of the breakwater (i.e., crown of pipe at water level and interior 
of the tire vented to atmosphere, case A), two steel I-beams, each 10.7 meters 
long and weighing 98 kilograms per meter, were placed onto the tire-armored 
pipe. These beams provided the loading needed to attain total submergence of 
the pipe-tire unit. In each case, equilibrium demands that 


Bar yn oF Up) eg SB ce ae (1) 

where 

F = added external load 

Tes = extraneous loads (from mooring system, etc.) 

F, = buoyancy force per tire due to entrapped air 

Fy = net buoyant force due to pipe (lift minus weight) 

Wey = weight of tire segment submerged in water 

Wea = Weight of tire segment in air 

n = number of tires on pipe 
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Figure 17. Forces on pipe-tire unit. 


In this case the pipe is 12.2 meters long (4l-centimeter outside diameter 
and 70.2-kilogram-per-meter weight in air), provides a net lift of 59.5 kilo- 
grams per meter when totally submerged, and supports 49 truck tires. Truck 
tires have a specific gravity of approximately 1.2 with a weight of W,, = 41 
kilograms in air for the sizes predominantly used (i.e., 10.00-20 and 9.00-18 
truck tires). Submerged in water this weight is reduced to approximately one- 
sixth of Wr,, or 6-8 kilograms if all air is expelled. Applying these val- 
ues to case A (which corresponds to F = F, = 0 and approximately three-fourths 
of tire material submerged) and using equation (1), it follows that the extra- 
neous load is a small lift force of 26 kilograms, (i.e., F, = -26 kilograms). 
When the external load F is applied (case B), the buoyancy force resulting 
from air entrapped in each tire may be calculated from equation (1) to be: 


10.7(196) + 49(0 + 6.8) + (-26) 12.2(59.5) + 49F, 


tes] 
i] 


34.2 kilograms per tire 


On an average, this implies that 34 liters of air is trapped in the crown 
of each tire. It is not know at what rate this trapped air would escape 
under static conditions; during wave action the tire crown would be alter- 
nately vented and replenished with air. In determining the flotation require- 
ments for the complete structure, the weight of suspended sediments that may 
accumulate in the tire casings as well as the influence of marine growth 
should be considered. 


b. Equilibrium of Breakwater. The load-carrying capacity of the break- 
water must be carefully considered, particularly in areas where the weight of 
the breakwater is likely to increase substantially with time due to deposition 
of suspended sediments within the tire casings, biofouling, etc. In extreme 
cases, all the tires may have to be foamed to provide adequate reserve buoy— 
ancy, whereas at other sites the lift provided by the steel-pipe flotation 
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chambers 


F 


alone is sufficient. Equation (1) may be used to estimate the 
reserve buoyancy provided by a clean single-pipe PT-1 module if some terms 
are redefined: 


Foeq = sediment and biofouling load (per tire) 


extraneous load (from binding material, tire retainers, pipe end 
caps, shackles, etc.) 


buoyancy force due to entrapped air (for each tire not foamed) 
buoyancy force due to submersed foam (for each tire that is foamed) 
number of tires per module 


number of tires foamed (per module) 


This leads to 


nF ood + nWiw + F 


(2) 
1 m 
Fea Ch > Wee) = Oy = 15) = (Fe = ¥,) 
Using the following approximate values and estimates for the PT-1l module: 
1 = 220 kilograms 
Fy = (60 kilograms per meter) (12 meters) = 720 kilograms 
Wey = 7 kilograms 
19 = 17 kilograms (50 percent of value from buoyancy test) 
Fe = 34 kilograms (crown fully foamed, 34 liters) 
n = 176 tires 
to obtain 
F (17 71) + : ) (720 280) Z (34 7) 
= = a - +/{— = 1 
eed 176 (=) 
m (3) 
ovaay @ US ae 17 (=) (estograns per tire) 
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The following examples demonstrate the increased load-carrying capacity 
when foam is added to the tires: ; 


(a) Example 1. If none of the tires are foamed, m = 0 and m/n = 
0 in equation (3) so that F..qg = 13 kilograms per tire. Therefore, a 
weight increase of approximately 13 kilograms per tire can be accom- 
modated before the breakwater starts to submerge. 


(b) Example 2. If all the tires are foamed, m =n and m/n = 1 
above so that F..q = 30 kilograms per tire. In this case, each tire 
can carry approximately 30 kilograms of additional load for a total 
reserve buoyancy of about 5300 kilograms per single-pipe module. 


4. Cost Estimates. 


Major construction components for the PT-1 module and their respective 
costs as of mid-1980 are listed in Table 1. It should be noted that the steel 
pipe accounts for nearly 60 percent of the total cost. Therefore, substantial 
savings are possible if used pipe can be purchased, which was done for the 
floating breakwater at the Mamaroneck site where used dredge pipe was obtained 
at a fraction of the cost indicated in Table 1. As a precautionary measure, 
steel pipe should be filled with foam before the end caps are welded into 
place. The total component cost amounts to $19.60 per square meter of 
breakwater. 


Table 1. Cost estimates of PT-Breakwater components. 


Module dimensions: 3.7 by 12.2 m (B = 12.2 m) 


Materials: Truck tires (9.00-18 and 10.00-20) 
Steel pipe (4l-cm-diameter steel-pile pipe) 
Conveyor-belt material (three-ply, 14 by 1.3 cm) 
Nylon bolts, washers, and nuts (13 mm) 


Steel pipe 12.2 m $43.00 $524.60 $11.60 


Polyurethane foam 2.4 m9 75.00 180.00 4.00 
(pipe plus 20 percent of tires) 

Tying material 94m 1.15 108.10 2.40 
(conveyor belt) 

Tires 176 0.25 44.00 1.00 
(transportation cost) 

Nylon bolts, washers, and nuts 80 0.35 28.00 0.60 
Cost of breakwater $19.60 


(excluding mooring system and assembly) 


Assembly and launching procedures should be carefully considered and 
planned in advance so as to take full advantage of cost-saving site condi- 
tions. Since the anchoring system can be very costly, alternatives should be 
carefully investigated (e.g., the use of anchor piles may be less costly than 
concrete clump anchors or steel embedment anchors, depending on availability 
of pile-driving equipment and geotechnical conditions). 


III. EXPERIMENTAL SETUP AND PROCEDURES 


1. Test Facility and Instrumentation. 


a. Wave Tank. Experiments were conducted in CERC's large wave tank which 
is 194 meters long, 4.6 meters wide, and 6.1 meters deep. The tank was oper- 
ated at two water depths, 2.0 and 4.7 meters, using regular waves ranging in 
period from 2.6 to 8.1 seconds and height from 0.15 to 1./8 meters. A sche- 
matic of the wave tank operating with a piston-type wave generator at one end 
and a relatively ineffective rock revetment wave energy dissipator at the 
other end is shown in Figure 18. The breakwater at high and low water is 
shown in Figures 19 to 23. 


b. Wave Gage. Two Marsh McBirney voltage-gradient water level gages 
(Model 100) were used to measure incident and transmitted waves. The waves 
were calibrated twice daily over a range of 2.0 meters by manually lowering 
and raising the wave staff. The output was recorded on a six-channel Brush 
oscillographic recorder. 


c. Force Gage. Loads on the seaward mooring line were measured by a 
single force gage located above the tank near the wave generator. The force 
gage consisted of a cantilevered steel plate with strain gages mounted near 
its base, as shown in Figure 24. The strain gages formed two arms of a full 
Wheatstone bridge that was driven at carrier frequencies. The sensitivity of 
the force gage could be varied over a broad range, not only electronically but 
also mechanically, by varying the mooring-cable attachment point on the can- 
tilever (Fig. 24). The force gage was generally calibrated before and after 
each test (one wave generator stroke setting) by applying a series of loads 
to the cantilever using a mechanical load tightener (come-along) and a 2270- 
kilogram dial force gage. The electrical output was displayed on the six- 
channel Brush oscillographic recorder; typical calibration curves are shown in 
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Figure 18. Large wave tank at CERC with breakwater and MS-1 mooring system. 
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Figure 21. Inserting PT-1 breakwater. 


Figure 22. Turbulence associated with wave damping. 
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Figure 23. Attachment of seaward mooring line (MS-1 mooring system). 
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Figure 24. Strain-gage-cantilever force gage. 
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Figure 25. Force gage calibration record and curve. 


2. Mooring System. 


The basic mooring-line arrangement used throughout the test program is 
shown in Figure 18. The mooring lines were 6-millimeter-diameter wire rope, 
except for two removable segments 6 meters long that are labeled ttre mooring 
damper as shown in Figure 18 and in more detail in Figure 9. These sections 
were installed in order to determine whether a pliant mooring-line insert such 
as the six-tire mooring damper could significantly reduce peak mooring forces. 
Should a relatively “soft" mooring system be desirable, it may be achieved by 
installing a tire mooring damper. The shoreward mooring bridle was always 
attached directly to the steel pipes; no mooring-line inserts were used on 
this side of the breakwater. On the seaward side the mooring bridle was 
most often attached to the steel pipe with cables connected to shackles 
extending through the pipe wall. An exception to this is the third mooring 
system tested in which the mooring bridle was attached to the breakwater via 
conveyor-belt loops that were laced through two tires armoring the pipe. In 
this case the mooring-line forces are first transmitted to those two tires, 
then transmitted to the pipe itself after the tires have shifted some distance 
along the pipe and encountered the compressive resistance of the other tires 
restrained by the retainer at the end of the pipe (Fig. 7). 


The following mooring configurations were tested (major features are 
listed in Table 2): 


(1) Damper Pipe Connection (MS-1). In this module the tire 
mooring-force dampers are installed and the mooring bridle is con- 
nected directly to the pipes (soft line, hard connection) (see Figs. 
18, 23, and 26). 
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Table 2. Compliance of mooring systems. 


Mooring system 


Type of mooring-line insert! Belting 
(hard) 

Type of breakwater connection Tires on pipe 
(soft) 

Mooring line stiffness (ranked) 2 


linserts are 6 meters long; belting is in the form of a loop 
(used double strength) with elongation characteristics under 
load approximately equal to that of wire rope used. 


Figure 26. Mooring bridle used in field installation. 


(2) No-Damper Pipe Connection (MS-2). In this module the mooring 
bridle remained attached to the pipes but the mooring-force damper was 
removed and replaced with a conveyor-belt loop of equal length. The 
load elongation characteristics of the conveyor-belt loop are similar 
to those of the wire rope used (hard line, hard connection) (Fig. 27). 


(3) No-Damper Tire Connection (MS-3). In this module the conveyor- 
belt loop remained in place, but connection to the breakwater was made 
by guiding the belt around two tires located on each pipe. Im the 
PT-1 module, tires numbered 9 and 10 were used for this purpose; in 
the PT-2 module, tires numbered 15 and 16 were used (hard line, soft 
connection). 
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Figure 27. Load elongation curves for mooring-line inserts. 


A stress-strain diagram for the conveyor belt with a five-hole bolted connec- 
tion is shown in Figure 28. The strain values are influenced by the connec- 
tion itself (i.e., elongation of the boltholes is being measured along with 
any stretching of the belt). The belt failed at a load of 2270 kilograms, not 
at the five-hole bolted connection but at the transition, where the belt had 
to be reduced in width from 14.3 to 8.9 centimeters in order to fit into the 
testing machine. 


Force displacement relationships for MS-1 and MS-2 were obtained by ten- 
sioning the insert, using a large dump truck, and determining deflection and 
force, using a measuring tape and a dial force gage. The results are plotted 
in Figure 27. Corresponding relationships for MS-3 were not determined, but 
observations indicate that the elastic properties of MS-3 are between those of 
MS-2 and MS-1. 


A mooring bridle utilizing both truck and automobile tires is shown in 
Figure 26. This unit was not tested at CERC; however, it has been used in 
field installations. 


3. Test Procedure and Conditions. 
This experimental program is limited to two designs, the PT-1 and PT-2 
modules, and two water depths, 2.0 and 4.7 meters. The summary of the test 


conditions shown in Table 3 lists one other breakwater design--the PT-DB mod- 
ule; this design is simply a PT-] breakwater that has been lengthened in the 
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Figure 28. Stress-strain diagram for belt connection. 


Table 3. Summary of test conditions. 


Breakwater No. of Water Mooring Generator Wave height Wave period 
Type Beam runs depth system stroke 
(m)~ (m) (cm) (cm) (s) 


PT-1 12.2 101 2.0 MS-1 61 to 213 15 to 113 2.6 to 8.1 
PT-1 12.2 92 4.7 MS-1 61 to 168 42 to 178 2.6 to 8.0 
PT-1 12.2 62 4.7 MS-2 61 to 152 32 to 132 2.6 to 8.1 
PT-1 12.2 SU 4.7 MS-3 61 to 122 30 to 130 2.6 to 8.1 
PT-2 12.2 40 2.0 MS-3 61 to 122 18 to 110 2.6 to 8.1 
PT-2 12.2 36 4.7 MS-3 61 to 122 30 to 150 2.6 to 8.1 
PT-DB 25.9 34 2.0 MS-3 61 to 122 28 to 132 2.6 to 8.1 


shoreward direction by flexibly attaching the PT-2 module by use of conveyor- 
belt loops. Data for the PT-DB configuration are listed in Appendix A. 
The PT-1 module was tested with three different mooring systems and was, in 
general, emphasized in the experimental program. Out of 402 runs tested, 290 
were devoted to the PT-1 breakwater. Wave heights ranged from 0.15 to 1.78 
meters, with wave periods ranging from 2.6 to 8.1 seconds; the wave generator 
stroke varied from 0.61 to 2.13 meters. 


With the breakwater floating in the wave tank and attached to the mooring 


system, test preparations were generally initiated each day by adjusting the 
water level, calibrating the wave and force gages, and checking the stroke 
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setting of the wave generator. The generator was adjusted to the desired 
frequency, started, and waves generated for about 5 minutes; this constituted 
a run. After shutdown of the wave generator, a necessary waiting period 
followed in order to regain quiescent conditions in the wave tank. When these 
conditions were attained, waves of another frequency were generated and this 
process was repeated until all the desired wave periods for that stroke 
setting were obtained; this process constituted a test. One, and sometimes 
two, tests were completed per day, and the generator stroke was changed in the 
afternoon so that a new test could be started the following morning. Wave and 
force gages were calibrated both at the beginning and end of each day's 
testing (and sometimes more frequently). 


IV. DATA REDUCTION AND ANALYSIS 
1. Dimensional Analysis. 


For a particular breakwater and mooring system, the transmitted wave 
height, H,, may be expressed as a function of the following variables: 


H, = f(H,L, B,D,G,A,m, k,e, d,y,v,g) 


where 
€ = horizontal excursion of the breakwater from its equilibrium position 
k = measure of mooring-system stiffness (equivalent spring constant per 
unit length, i) 
m = mass of breakwater (per unit length, A) 
Y = specific weight of water 
v = kinematic viscosity of water 
g = gravitational acceleration 


The remaining terms are defined in the definition sketch (Fig. 5). Since 
this expression contains three dimensionally independent physical variables 
(length, mass, time), this relationship involving 14 physical variables may be 
replaced, according to Buckingham's t-Theorem, by one involving 11 dimension- 
less groups: 


= wave transmission ratio, Ce 


structure parameters 


oO} a 


wave steepness 
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ye = wave structure parameters 
2 BD = fluid structure parameters 
d * mg 


(z)( 
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Reynold's number 


Delete the following parameters for the stated reasons: 
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(ee) 


Only quasi-two-dimensional experiments will be 
considered (i.e., diffraction effects are 
absent when the breakwater extends across the 
full width of the tank). 


This is the ratio of mooring-system static 
restoring force to structure weight and is not 
changed during the experiment. 


Assumed to be a weak parameter that is of 
little importance for small values of e/H 
(i.e., for horizontal motions of the structure 
that are small compared to the wave height). 


This parameter relates the mass of fluid dis- 
placed by the breakwater to the mass of the 
breakwater itself. It would remain constant 
for geometrically similar breakwaters con- 
structed from the same materials. 


This Reynold's number is based on the tire 
diameter and a velocity that is related to the 
maximum wave-induced water particle velocity; 
it will be assumed large enough to insure 
Reynold's number independence. 


By eliminating the above dimensionless groups, the following is obtained 


L 
Cc. =f 3 
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(4) 


This is the relationship on which the experimental program was based. 


Similarly, consider the mooring-force relationship to be 
ye £(H,H, >L, B,D,G,A,m, k,e, d,y,v,g) 


and, by similar reasoning, obtain 
F My al YD) B 
=—SSEl=pPoKose (5) 
L 


2. Data-Reduction Procedures. 


Analog signals from the wave gages and force transducer were recorded on 
three channels of a six-channel Brush oscillographic recorder. Typical 
records of the seaward mooring-line force and the incident and transmitted 
waves are reproduced in Figures 29 to 32. 


Wave reflections from the steep, rock-armored beach at the end of the wave 
tank (Fig. 18) were an annoyance, particularly for the longer waves generated. 
The incident and transmitted wave heights were therefore generally obtained 
from the first 5 to 10 waves in the run (i.e., before wave reflections could 
substantially influence wave height measurements. Beach reflections were 
particularly bothersome when generating waves of low steepness and of periods 
larger than about 5 seconds. 


From the force gage records it can be seen that the seaward mooring load 
fluctuates with the passage of each wave between a maximum value, which varies 
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Figure 29. Wave and force record for long waves (d = 4.7 m, T = 8.0 s). 
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Figure 32. Wave and force record for shallow-water waves (d = 2.0 nm, 
T= 5.5 8). 


throughout the run, and a minimum value, which remains essentially constant. 
The individual force peaks occur as the breakwater surges shoreward during 
the passage of each wave crest, but is prevented from moving too far in this 
direction by the mooring-line restraint. On the other hand, the seaward 
movement of the breakwater is not similarly opposed, since no force cantilever 
was installed on the leeward side of the breakwater. Instead, only a constant 
negative restoring force or preload of approximately 113 kilograms was exerted 
on the breakwater via the shoreward mooring line and pulley-weight arrangement 
shown in Figure 18. The zero-force referen¢e position recorded at the begin- 
ning of each run always corresponds to this static preloaded condition of the 
cantilever force gage. Negative force values up to the magnitude of this 
preload can consequently be obtained as the breakwater surges seaward; these 
constitute the stable lower limit of the force records. 


A time-series analysis of the force data was not performed because the 
experiments were limited to regular waves and because the level of effort 
required did not make it feasible. For practical purposes, each force record 
is therefore characterized by a single force value that is considered most 
useful for design purposes—the peak force, F, occurring during the length 
of record (excluding wave generator start-and-stop transients, which have no 
counterpart in nature). Typically, this implies that the first 5 to 10 waves 
were not included in the analysis, nor were those last waves propagating down 
the tank after shutdown of the wave generator. Each run consists of at least 
50 waves. In addition to the peak mooring force, F, an approximation to the 
drift force, F, is also obtained, as is the significant peak force, F 


The drift force F is the net, time-averaged force acting on the seaward 
mooring line; it was determined “by eye” as show in Figure 33 and is there- 
fore subject to larger errors. The significant force, Fz. represents the 
average of the largest one-third of the force peaks, again excluding stop-and- 
start transients; it is obtained manually, directly from the data trace. 


If stop-and-start transients are included in the determination of the peak 
mooring force, as has been done by other investigators (Giles and Sorensen, 
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Figure 33. Definition sketch for force analysis. 


1978), the difference between F and this peak force is frequently small, but 
on the other hand can be quite large as shown in Appendix B. In that appendix 
the peak mooring force, F, is also compared to the significant peak force, 
F,, for a large number of the tests. 

The cantilever force gage is calibrated at least once at the beginning and 
ending of each day's testing; if zero drifts are observed, it is calibrated 
more frequently. Calibration is accomplished manually via a separate cable 
with mechanical load tightener and 2270-kilogram dial force gage in series, 
attached close to the cantilever. A typical calibration record is shown in 
Figure 25. The force values are always referenced to the static no-load 
condition (i.e., with pully preload but no waves). 


V. EXPERIMENTAL RESULTS 


1. Wave Transmission Data. 


For each breakwater configuration and water depth, the transmitted wave 
height depends primarily on the width of the structure and the incident wave- 
length (or period) and wave height. Dimensional analysis and physical insight 
were invoked in Section IV to arrive at dimensionless parameters that would 
describe the problem more succinctly and clearly and would also guide the 
experimental effort and analysis of the results. This evolved in the presen- 
tation of the data in the format shown in Figure 34. The wave height trans-— 
mission ratio, C, = H,/H, is presented as a function of relative wavelength 
L/B, with different symbols designating ranges of wave steepness H/L. These 
are the primary parameters. The secondary parameters are listed in the insert 
of each figure. These parameters specify the water depth (relative depth, 
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Figure 34. Wave transmission data for PT-1 breakwater (d = 4.7 m). 


D/d) and breakwater geometry (aspect ratio, B/D, and pipe spacing, G/D). 
For design purposes, the transmission characteristics of each breakwater are 
summarized in the form of a single wave height transmission curve. This curve 
corresponds to a wave steepness of H/L = 0.04 (a moderate value frequently 
encountered in practice) and different values of D/d. Although much data 
have been obtained at wave steepness other than 0.04, indicating that the 
transmission ratio, Ces generally decreases with increasing wave steepness, 
the available data are not adequate for defining transmission curves for wave 
steepness other than 0.04. Nevertheless, the influence of wave steepness has 
been preserved to a large extent by grouping the data according to steepness 
categories; in Appendix C the value of H/L is actually listed next to each 
data point. Appendix C should be particularly useful for design cases with 
wave steepness near the extremes encountered in nature, either high or low 
(e.g-, H/L larger than 0.08 or less than 0.02), since deviations from the 4- 
percent design curve may then become significant. The wave transmission data 
in Appendix C have also been segregated with respect to the type of mooring 
system installed, but it was found that this had no discernible influence on 
wave transmission characteristics. It is therefore permissible to combine the 
data for all of the mooring systems as has been done in Figure 34. 


a. PT-1 Breakwater. Wave transmission data for the PT-]1 module (truck 
tires, steel pipe) are show in Figures 34 and 35 for two water depths, D/d = 
0.22 and 0.51. In both cases the transmission ratio, C., increases mono- 
tonically with relative wavelength L/B. The breakwater is very effective 
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Figure 35. Wave transmission data for PT-1 breakwater (d = 2.0 m). 


in filtering out waves that are shorter than the width of the structure, but 
becomes increasingly less effective as the wavelength increases. 
breakwater is significantly more effective at the lower depth, 
particularly for longer waves. The influence of water depth, or relative 
draft D/d, becomes particularly apparent in Figure 36 where the transmission 
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curves are compared. 
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36. Wave transmission design curves for PT-1 breakwater. 
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It is evi- 


The influence of wave steepness is most readily detectable for longer 
waves (e.g-, L/B larger than 2) and may be important at low water depths. 
For L/B = 2.9 and D/d = 0.51 (Fig. 35), the value of C, decreases dramati- 
cally from 0.9 to 0.4 as H/L increases from 0.007 to 0.028 (refer also to 
Fig. C-7 in App. C). The data in Figures 34 and 36 apply to the PT-1 module, 
which has a pipe spacing of G/D = 3.3, aspect ratio of B/D = 12, and beam 
B = 12.2 meters. These conditions may not be altered greatly without also 
influencing the wave transmission characteristics. For example, the design 
curves of Figure 36 may not apply to a structure with a much larger beam, 
e.g-, B = 24 meters (i.e., or B/D = 24). Until further data on the importance 
of B/D are obtained, it is suggested that the PT-l1 wave transmission design 
curves of Figure 36 be limited to beam dimensions in the range from 9 to 15 
meters. Such information has been recently provided in Harms, Bishop, and 
Westerink, 1981. Existing data from small-scale experiments (Harms, 1979) 
indicate that the transmission curve for D/d = 0.22 does not change signifi- 
cantly as the water depth increases. For deepwater applications with D/d 
less than 0.2, it is therefore suggested that the D/d = 0.22 curve be used for 
design purposes, at least until further data become available. In addition, 
curves should not be extrapolated beyond the range of data shown (i.e., 
L/B > 4.5 and 3.0). 


b. PT-2 Breakwater. Wave transmission data for the PT-2 module (con- 
structed of automobile tires and telephone poles) are shown in Figures 37 and 
38, with design curves given in Figure 39. The behavior of the PTI-2 module is 
very similar to that of the PT-1 module, although a decrease in wave attenua- 
tion performance is indicated, at least at the larger water depths considered 
in Figure 40. It was observed that the influence of wave steepness H/L is 
again particularly apparent at the lower water depth (D/d = 0.33, Fig. 38) and 
large values of L/B. The actual H/L values associated with each data point 
are given in the appendixes. Again, curves should not be extrapolated beyond 
the range of the data shown (i.e., L/B > 4.5 and 3.0). 
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Figure 37. Wave transmission data for PT-2 breakwater 
(d = 4.7 Mm) 
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Figure 38. Wave transmission data for PT-2 breakwater 
(d = 2.0 m). 
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Figure 39. Wave transmission design curves for PT-2 breakwater. 
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Figure 40. Comparison of PT-1 and PT-2 wave 
attenuation (d = 4.7 m). 


c. Goodyear Breakwater. Giles and Sorensen (1978) obtained prototype- 
scale wave transmission data for the Goodyear floating tire breakwater using 
the large wave tank at CERC. Data for the 6-module-wide Goodyear breakwater 
are plotted in Figures 41 and 42, along with the wave transmission curve for 
the PT-2 module. Both breakwaters are constructed from automobile tires and 
have a beam of 12.2 meters which is equivalent to B/D = 18.5. For the lower 
water depth case considered in Figure 42, it is evident that the PT-2 break- 
water is substantially more effective than a Goodyear breakwater of equal 
size. At the larger water depth considered in Figure 41, the PT-2 breakwater 
is still superior but not as much so as at the lower water depth. 


From extensive small-scale experiments by Harms (1979a, 1979b), the 
influence of water depth is found not to be of practical importance for the 
Goodyear breakwater, at least for values of D/d less than 0.4, although 
C clearly decreases as D/d increases. How significant the influence of 
pid is for the full-scale Goodyear breakwater (Figs. 41 and 42) is shown in 
Figure 43 where the data for D/d = 0.16 and 0.33 may be compared while keep- 
ing L/B, H/L, and B/d constant; the difference in C, is typically less 
than 0.1 (the C, values near L/B = 2 are probably false). Small-scale and 
prototype-scale data are therefore in agreement and the single Goodyear wave 
transmission curve of Figure 44 (Harms, 1979a) may be used for most practical 
applications as long as D/d does not exceed 0.4; near D/d = 0.4 the design 
curve will be somewhat more conservative than at lower values of D/d. 


The performance of the PT-1 module is compared to that of a Goodyear 
breakwater of equal size in Figure 44. It is apparent that the PT-Breakwater 
provides substantially more wave protection than the Goodyear breakwater. It 


42 


=} 1,00 
oO 
S) 
=) 
log 0.80 
5 x 
a 
o 
E 0.60 
2 LEGEND 
= (H/L) 10? 
= 
~ + 0.6 to 1,9 
‘& 0.40 © 2.0 to 6.0 
@ xX 6.0 tc 98 
I= 
© D/d B/D Dicm) G/D 
= 0:20 PT-BW 014 185 64 55 
+ 0 X GOODYEARO.I6 18.5 64 
0 | aah NL l l if Nl L 
o) 0.50 1.00 1.50 2.00 2.50 3,00 350 4.00 4.50 


Relative Wavelength (L/B) 


Figure 4]. Comparison of Goodyear and PT-2 wave attenuation (d = 4.7 m). 
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Figure 42. Comparison of Goodyear and PT-2 wave attenuation (d = 2.0 m). 
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Figure 43. Influence of D/d on Goodyear wave attenuation. 
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Figure 44. Wave transmission design curves for Goodyear and PT-Breakwater. 
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should be noted that the Goodyear design curve in Figure 44 is independent of 
B/D, having been tested over a broad range of B/D during experiments at 
the Canada Centre for Inland Waters (CCIW) (Harms, 1979a, 1979b). A similar 
series of experiments for the PT-Breakwater was scheduled at CCIW in September 
1980 (see Harms, Bishop, and Westerink, 1981 for results). 


2. Mooring-Force Data. 


a. PT-l1 Breakwater. This breakwater was tested most extensively in 
the MS-1 mooring configuration (i.e., with a six-tire mooring-force damper 
installed). It was also tested with the MS-2 and MS-3 mooring systems at the 
deepest water depth of 4./ meters. As is explained in Section III, the MS-2 
mooring configuration is the “stiffest” system tested and the MS-1 is the most 
elastic or “softest” system tested with the elastic properties of the MS-3 
system lying somewhere between them. 


The peak mooring force is plotted in Figures 45 and 46 as a function of 
wave height for the case of MS-1 and two water levels, D/d = 0.51 and 0.22. 
An exponential relationship between the mooring force and the wave height can 
be detected in the data, even though this information is masked at times by 
the relatively large scatter of data (even at fixed L/B) that is common in 
this type of measurement. The best “by eye” fit has been drawn and indicates 
that at both water levels F is proportional to H3/2. For a given wave 
height and wavelength, the peak mooring forces are clearly higher at the lower 
water level. This is shown in Table 4 where the value of the force coeffi- 
cient K is listed and defined. The influence of L/B is difficult to quan- 
tify from the data: an increase of F with L/B appears to be indicated, 
particularly at D/d = 0.51, but additional tests would have to be made to 
define this relationship. 
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Figure 45. PT-1 peak mooring-force data (MS-1, d = 2.0 m). 


45 


450 


Sh) 


300 
€ 
g 
BS LEGEND 
§ L/B 
oO 2.4 to 
@ 
Pe 1.7 

150 13 

}.@) 
m5 
(0) 


(0) 28) .50 we 1.00 25 150 175 
Incident Wave Height H (m) 


Figure 46. PT-1 peak mooring-force data (MS-1, d = 4.7 m). 


Table 4. Summary of mooring-force data.! 


Mooring Force coefficient, K 
system 


Goodyear 


lFor design purposes, suggest that F be increased 
by 100 kilograms per meter. 
2Estimated values. 


3Data not available. 
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200 


How the mooring-system elasticity affects the peak mooring force is shown 
in Figures 46, 47, and 48. In each case the water level is fixed and only the 
mooring-line flexibility is changed. A substantial increase in F is noted 
when the six-tire mooring-force damper is removed and replaced with a rela- 
tively inflexible section of conveyor belt (i.e., switching from the MS-1 to 
the MS-2 system). This is apparent in Figure 47 where the MS-2 data are shown 
with relation to the MS-1 curve from Figure 46; all the data are above the 
MS-1 curve with much of the data far above it. The MS-3 data and curve- 
through data are shown in Figure 48. This system results in forces that are 
somewhat higher than those for the MS-l1 system but lower than those for the 
MS-2 system. The corresponding values of K are provided in Table 4. 


b. PI-2 Breakwater. The PT-2 module was tested only in the MS-3 mooring 
configuration; test results are shown in Figures 49 and 50. Again as for PT- 
1, the force is proportional to He. but for PT-2 the appropriate exponent is 
2, not 3/2 as it is for PT-1. The curves for n = 2, fitted by eye, are shown 
in Figures 49 and 50; the corresponding values of K are listed in Table 4. 
Although PT-2 was tested with the MS-3, and not the preferred MS-1 mooring 
system, the effect of a change from MS-3 to MS-1 may be estimated by assuming 
that the ratio of the respective forces is the same as for the PT-1 module 
(for which such data exist and are conveniently summarized in Table 4). For 
PT-1 it is noted 

K(MS-1) _ 280 _ 

KQis=3)) 370 7 7 
Assuming that this ratio holds for the PT-2 module as well, the estimated MS-1 
values, shown in Table 4, are obtained. Although the peak mooring forces for 
the PT-1 module are higher than those for the PT-2 module for the same wave 
height and water depth, it should be noted that the transmitted wave is also 
smaller in the case of the PT-1 module. 
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Figure 47. Effect of mooring-system compliance on F 
(MS-1 and MS-2, d = 4.7 m). 
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Figure 49. PT-2 peak mooring-force data (MS-3, 
d = 4.7 m). 
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Figure 50. PT-2 peak mooring-force data (MS-3, 
d = 2.0 m). 


c. Goodyear Breakwater. The Goodyear module tests by Giles and Sorensen 
(1978) also included an evaluation of the breakwater mooring loads. Data from 
those experiments are plotted in Figures 51 and 52 for the case corresponding 
most nearly to the conditions in the present study (i.e., for the six-module- 
beam Goodyear breakwater that is also 12.2 meters wide). The curves shown in 
Figures 51 and 52 indicate that F is proportional to H%; the correspond- 
ing force coefficient K is listed in Table 4. The hyperbolic relationship 
between F and H adequately describes the data. 
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Figure 51. Goodyear peak mooring-force data 
(Giles and Sorensen, 1978; d = 2.0 m). 
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Goodyear peak mooring-force data 


(Giles and Sorensen, 1978; d = 4.0 m). 


For a given wave height and length, 


the mooring forces on the 


Goodyear 


breakwater are clearly much lower than those for a PT-Breakwater of equal 


size. 


importance of which cannot be quantified at this time: 


This finding is attributed principally to three factors, the relative 


(1) The transmitted -wave for the PT-Breakwater is smaller than 


that for the Goodyear breakwater; 


2lL6Qa 6 


different levels of energy 


dissipation occur on each structure (wave breaking and impact, etc.). 


(2) Different mooring systems were utilized. 


The importance of 


this has already been demonstrated with regard to the PT-1 breakwater 


(see Table 4). 


(3) The Goodyear breakwater design stretches extensively under 


load, being very pliable throughout. 


This influences or perhaps even 


dominates the mooring dynamics and load transmission characteristics. 


VI. 


SUMMARY AND CONCLUSIONS 


Two prototype-scale PT-Breakwaters were tested in CERC's large wave tank 


using regular waves: the PT-1 module, 


constructed of truck tires and steel 


pipes in waves up to 1.8 meters high, and the smaller PT-2 module, constructed 
from automobile tires and telephone poles in waves up to 1.5 meters high. 


Wave 
data 
were 


transmission and mooring-load characteristics were established based on 
from 402 separate runs in which incident and transmitted wave heights 
recorded, along with tension in the seaward mooring line. 


In the course of the investigation, it became increasingly evident (during 


construction, crane operations, 


and early experiments) that the PT-] break- 


water was more rugged and could potentially function and survive under more 
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severe wave conditions than those normally considered acceptable for floating 
tire breakwaters. For this reason, the PT-]1 module was emphasized in the test 
program. Although structural failures were not experienced on either the PT-1 
or the PT-2 breakwaters throughout the many weeks of testing, and posttest 
inspections did not reveal areas of imminent failure or excessive wear, it 
became clear that the PT-2 module was inherently more pliable than the PT-1 
module because it was composed of automobile tires, not truck tires. Conse- 
quently, as waves broke over the structure, greater compression and displace- 
ment of leading-edge tires occurred on the PT-2 module than was true for the 
PT-1 module under the same conditions. Although PT-Breakwaters were designed 
to be pliable, with relative motion between individual components, under 
severe wave-induced loads, the observed compression of leading-edge tires 
on the PT-2 module is felt to be excessive for continuous operation. It is 
therefore suggested that the PT-2 breakwater be limited to sites with signifi- 
cant wave heights of less than 0.9 meter; this condition is considered to be 
equally appropriate for Goodyear or Wave-Maze floating tire breakwaters that 
are composed of automobile tires as well. The value of 0.9 meter was chosen 
by the researchers as representing the best, though inherently somewhat sub- 
jective, estimate for the maximum acceptable significant wave height; it is 
based on extensive laboratory observations and experience with a variety 
of field installations. The above rule is considered to be of practical 
importance because it reminds the designer that the environment is hostile 
and that PT-Breakwaters constructed from automobile tires are inherently less 
rugged than those composed of truck tires; both have survival limitations. 


The wave attenuation performance of PT-Breakwaters improves as either 
wavelength or water depth decreases, or the wave steepness increases (i.e., 
C, increases with L/B and decreases with D/d or H/L). The shelter 
afforded by a particular PT-Breakwater is strongly dependent on the incident 
wavelength: substantial protection is provided from waves that are shorter 
than the width of the breakwater (i.e, L< B), but very little from waves 
longer than three B. As the water depth decreases, the wave attenuation 
performance improves; a breakwater that provides inadequate shelter at high 
tide may therefore be satisfactory at low tide. Wave attenuation generally 
improves with increasing wave steepness, especially for relatively long waves 
in shallow water (e.g., L > 3B and d < 3D). This behavior is attributed 
principally to the inherent instability of waves, which increases with wave 
steepness and, for waves near the breaking limit, is so great that only a 
small perturbation is required to “trigger” the breaking process. For steep 
waves, breaking was observed to start just seaward of the breakwater with 
large amounts of energy being dissipated as the wave rolled and surged over 
the breakwater. The wave attenuation performance of the PT-1 module was found 
to be superior to that of the PT-2 module and the Goodyear breakwater. For 
L/B = 1 (and deep water with d > 3D and H/L = 0.04), for example, the wave 
height transmission ratio was approximately C, = 0.6, 0.4 and 0.2 for the 
Goodyear, PT-2, and PT-] breakwaters, respectively. Wave transmission curves 
given in this report should not be used to design breakwaters that are less 
than 9 meters wide or more than 15 meters wide (see Harms, Bishop, and 
Westerink, 1981 for further data). 


For a given breakwater, the peak mooring force, F (on the seaward moor- 
ing line, per unit length of breakwater) was found to depend primarily on the 
wave height, H, and water depth, d, with wavelength, L, apparently only 
of secondary importance. For the conditions investigated, F increases 
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approximately with the square of the wave height; more specifically, F« Ho 
where n = 1.5, 2 and 2 for the PT-1, PT-2, and Goodyear breakwaters, respec- 
tively. For design purposes, and until the results from ongoing experiments 
become available, it is suggested that the following formula be used to cal- 
culate anchor requirements for breakwaters that range in width from 9 to 15 
meters: 


F = 100(1 + 10 KH”) (6) 
where 
H = wave height (meters) 
F = restraining force (kilograms per meter) to be provided by the 
anchor system for each meter of breakwater length 
n = 3/2 for the PT-1 breakwater or 2 for the PT-2 and Goodyear 
breakwaters 
K = force coefficient from Table 4. 


The available small-scale and prototype-scale data have recently been 
synthesized into detailed design curves (Harms, Bishop, and Westerink, 
1981). In order to be conservative, mooring loads should be determined from 
these design curves as well as equation (6), and the larger value chosen for 
design purposes. 
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4.650 (m) 


= 101.600 (cm) 
3.350 (m) 


12.200 (m) 
0.218 

12.008 
3.297 


Table A-l. 


BLOG 
BLOG/ DT 


:DT/D 
B/DT 


sDT 
B 


° 
° 
° 
° 
° 
° 
° 
° 


Water depth 
Tire diameter 
Breakwater beam 
Log spacing 
Relative draft 
B/DT 

(m) 


BLOG/DT 


WIW NDWND ed DMM AMWDNAMNONAAAM WI WNODWWEIMOO 
AAMNNNNAN A AAA HAMMNNAAAN TMM PTONNANSMMNM NMI 
eoe@oeoteteeeeeeeeeeeseeeeet®eaeeetet®Feeset eeee @ 


TMV TFVAODDNMNGDNHAAVGWOHDNMN ANNIE DOVE MOOwWOUF HO 
OW ANOIDOD™ WOW DAOMODREIKR THrtANVNODOWIMOMNAHAA 
eoeoeeeeeteeeoeefeoaeeeeveeeeeeeeeteteeeet® eee & 

Ain adn AMAA Addn a 


QBYIDANBODNVMDOSTAUMDNDPSOVIWMGEWOF DOW MWA) OE RE 
2YQIAIMNMrNVNVOOSCSTTFOOMeCGNarrra NDM AMOR ANNI AO NAW) 
QDWWM~OWDHYDHNEWOM—M DO ONNHN OWwwW Dd a9 uN) WU WF arc OVUr 0.0 
eoeeeteo et be FF Gee FF 228278 FF FF 2&8 © eo eo 6 eo 
bent a 


OMTWONTOMINMNTDONM sMNVWOHKWREKMMMNA gs OR IMs ANOW 
TANTO OME DANDE OMT DAN WE OMME KR DANDOMRDA ANwOWw 
eooeeesee eee 2278207802828 F226 & 82 © © 0 © © © 6 
POE A AHO COND PD OD 8 OND DD AIO OI CY O09 PD PALO CUCU PD 6D 


MWMMAMOADADNMWDONANNOM ONAN NM OWANG Vet aNAw 
eeoeoeeeeae eo eee eee P 2222 GC eere2eeeve eee eee 
AD OW TMI NA AAS FP TANA AOU MOI MMM HOY SHINO! 


OSHAAVUDDWDMDNCMNDAVMVDFIHDNWDIANAHDMM~— 4s OD TOMMHAWNH ow 
eoeoereeertteeeeF eet Fees eeFetFeqaeteeeteteoeeege 
DOP HAPFOMN ODN E AODMNDANT ANDKCMMMwOA + NAMWMASs 
POD ANA CUOMO ST AANA MST INNA OMIM ST ANNO t a + 


DOOD OF 990000109000 0'0909 005.00 00 01600 00600 
DAS TI WPIOAINVVANMMWA NW EAP HMM DING Ht 
~HOonN 
OO He 4ONE Oyu ACU PITMODOANAOWOKWMAYSY MWLIPWMCO SFM HW) 
A PON ete tet RIN ANd AMONCAMAKtIA hon US Do RGIS Ce att aNy 


@oeG Ge FHF H8HHLHHHHHHH KH EHH HHFT HH OHH OHHH Oe 
QUO T~ OK DOWVO™ NKR Fh DONA ST ANAMADOANHH OOH 
VODOPMMITHSOKDKE OND ONMAN AVNAMVUDOADUNINMOW 
ANAM FMA AAAAHOIMNNARANTMOM S FSMNANANTOMN MOND 


v0 9.@ 000 0-008 OG FT OH EHH 4-9 He 8HKHH EHD O.O OOO 

WONAANTOTSAMDHHDONIMNDNMON gc OMANAORDS ONDE 

NAME FONNAMDDNDUMM s ODHODONAWN TNE OME OMUOh 
reir Co] aaa ee a «4 


e@eeeeneeveeoeteoeveeegeeGeoeteeeeeeevetekRO0ee8 00 6 
NQNOAKDM~ OF DOD OM FANE ONDOHD ST ANMINHDHODHDHD SOON 
WODMAMMOIHMONDAUTNONAMHIM ANAMVNOVDOFMHuMWNNMoOND 
AAMMNANN ARIAT AMMNN ARAN ISM FGMNN MNT MN MN IM 


eoeoeeeFee eG eG eFeeFetGebKeoeteetoeFeoe2ee0e2 60 

CNONSONNDG DOO FOUVOTNOFGOO SG ODNWDODDDONDOMMOW 

NONMEOPR ODD DO OF ADEE KANAKRQOQNHKEDOGDOWODN 
a a Cal 4H A ei dart «A 


@ooeoeeeeeee®G2@ee® 22 ee 02009 08S © © oo eo e@ 
DIVNODOSCTFWOVO DTA NWOT NDINVDANDVDFIOMNOVOUNN 
WN ANMOU DRE ODWHOTHEELK THAGNOMNWDOAMMMUOHMe 

Adri Cs hn hel AMAA Asie a 


CMNOAVSCCOMAMMAANOTAO rg OHAVNAQWMHONTDANIOMOANSs 
NDNDAIFTRMNAONDONE”HMDADOHIONH NN DADO THD NoOnuDoo 
“2 Bree OG OF 0 :0.9-0-9°9 0-9-9 +9 020,860 -G-O © OWP 0.9100 Oh 0:.0-9-9 0-8 
WIMM Ts TNNOOR STs FNNVUURK ss 4¢ THNMOUr +g HNO ORE 


L120 1) 6 0 I WD Wn LO a iin NINN nw uw) 
WOWDDNNOW DODVWVNDDUVY QVUDDDNDVNHNDVDUWDUNHONONUW 
eFC F eet SG GeeFFGHFHROFT HB BHHF HLTH HHOC HE OBS EO 
teostarsgetser¢etdaergtcs¢ssagrgd¢t¢agdgsgyer4ess¢sss 


@eeoeeoeeeeeeoeeeseeeeeevaetreeegpeeseeeteeee® eee @ 
ah Ph EERE NANA AER RE RERRR AIOINNAIAO 
DHROOCO OAS HOO ONAN AN CIN POND 9 0 $9 F900 In En ITN inwn 

AAAs Adee HHA I IM tet ied 


57 


(y) (DT) (DT) 


CT H/ DT 


H/L L/B 
(m) 


PT-1 breakwater with MS-1 (d = 2.0 m). 
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PT-1 breakwater with MS-2 (d = 4.7 m). 


Table A-3. 


4.640 (m) 
= 101.600 (cm) 


Water depth 
Tire diameter 


DT 
3B 


12.200 (m) 


Breakwater beam 
Log spacing 


3.350 (m) 


0.219 
12.008 


3.297 


BLOG 
DT/D 


Relative draft 


B/DT 


B/DT 


BLOG/ DT 


BLOG/ DT 


CT H/DT 


L/B 


HT 


(y) (DT) (DT) 


(m) (s) (cm) 


(cm) 


AO NAD De D THOM ADEE OS NMMONON TAM TOM TADNMNMOMUVONNANTOMSTTONT NSO RN 
NN WNN UNS ttt SRO MN UNS NIN TOM NMOS SIMMS ATANMT MOMENT ET TSOTIMMI TEMS 


ef eoee CFS CCC OFSCHCF FC FEHBSH SEES FOHESFSOHFEEEEFT OES SH HOHHOSH SHOES E OBOE BEE Oe 


MORK SR NM aN saaDoo RAMON KDOMMRN RBA MMsT NEMO MUOENOUEE MANN TOOVTANMN se aMmWRK 

OADODDRPNTTMMMMDOM VGN gs THMMDO-NNWTTOHNDOS OW THOT HUE NMNUNDADOOURAADOM 

woe ee coc FooeSFFED OFS OFLC ESCO SE HZEOSHO HE OS OCHO L SCE ESS OTE EET OOF LEO 
oj “_ -_ —— Cele to lal 


TOMS WSR WTNH OOH ANMANUEMIBSS VONOHDSOrSCHMOONTOSOPDOTHIMNEFOVUFOMATRR ehh 

SORT MRANSAO THD OMONNLMOUNMONM IUD VO RBOOF DE MOODV OM OF Sa MUODNUVSE MNS ANNO 

ASAAMD NDDHNHAAD OHTIVDODAHNKHODOLEELOSOCODN Or DOOHHOS ODHAAKAHA™ CEE HOAAAHRHD ann 

eooese eee eee eo FSeF LF SCHOF ESB EOS FE EFS FEHB TSC SHEESH HO SES HOKE EOF OBESE OHS OREO 
-_ -_ A -_ - -_ 


LOMR © OWORMMNW UD TCHMVOMMTONADVOMMcVN sc VOMMTOOMOMTDOUME Re CHUA STIOROM 
ODA TROMFOMUINNTROMEOMUNDNNE SGMROMURANOMESMONAMEOMUNNEMNNOAMUNMMETN 
eco ot ree tc eo ee FFCee eo eFe2e eee eee eo CLO ECE BC HO POEMS OOH FEL OES HOES CoeEeL OOS 

BRAIN ANIM TSN NAMM PMT SUNN MMM TANNA MMM ST ANMMMMINNANAMMMMT MMMM Ss 


MOT NNWNN ST AND VOND MH TSTHODDSMMNMOMVNODNMMDODVIVNARVAID-NVOMRBDVOITNDTSMOOW 


eee eco ee ee ee ee F2e2e eo eee Fee hee ee eee reese eee FF oee eT Foe Feo ee ee Oooo ee 
DOOWTMNases WSN NS ete OMNNG ese MONS OMAN eS TITMONNN SANNA 
- 


COR NA CAAQM CHROME CCH AMODUNINO BAM DEVE SOND EE MDONSDENIONSIDRU NDE FTOHNOMO 
eo eoFeees ere o eee FF eo Gere ee HO eo CooL eo oF HO CEO TLE EHH CE EE ESCO ETHOS CHO SEES OOO 
SCNUMNDAN ROR STD ALAM DML STO RARNODMPKOTHMRHNAMVSTOAHDMRSCTODANDOMRDOTHOSC CoM 
SSSR NN ON SFT TORN NM TTS NNO M STF ONAMMTITTONMMT TIE NNMMMMsTIT NST TSeTW 


ceo cta ee eee oe CPO eS eo oP CoE OF Coe E SoC ESE LCoS CHO CET COB EO COEF OSC HOES EEO 
ONS DD WSS GUIR ODL HRA D RDN ON AMDUO UME NR eI BOUT RRR Oh AD FENNCDWOOSHWOTS 
DWMOM AD AN ADAN NANT RT TODDS T TAO RMWIMNDNO DGS TONDO VWI TOO VEDAS 
ANNAN NR Sete NGM RN ttt TONS RNS NSE NMA SOT MMMANNM TAM SNS 


ee ee ee 
DNA Bese TOSS TF TOIFN DOM AOTNTOND ROW TDM AD THVNONAD We OGD 9 DOT D Oe tO Nt 
NEL IMMMON BANDON CADPR DT SOTSHODS SVC SR Ma TAERMMODMAMNTOTNNWOTMNDOMM 
CUES CUCC ROU DD RISE MIN SSN TTT OINTMENT NST TIMI N STS 


ef ee o.n ce 0 oe Coe O00 wooo oo De eo oe ooo oo LC oe RD Eo CEE oOo LOE Loe OO e-8 ee Oo C-e 
POE Os et GAO OG TM eR Da BOON SRT ID OR RST TIER CRD TU IM ORR NS ORG SOON 
CY AL SOE MN ANNM NANI ODE NT IN TOMO RST DUNNO OW NNR OCT SE ORTON MOF Cone Ne} 


aot Ae ca aa aa A -- = Nea ada = 


ecco rece ec eee Dee eee eee Fe ee Feet eo Pere re et eee eZro eee ee ee oe eee oeo COS 
DAVNAD A SAOFT VOS TE OIPVADE AOS NTONCAOQUWNTNDANADOOAD OVNSDND RANDHAMSHDOAM AUN 
NEL AMM D WAN DSO SPODNREDTOFRAVOO TAM RD WAS RNREORDMNMM TT TOT MIMANDOOM 
ONO OC Ot et) OPIN ON SIN RS NT TON TSO MINT AINMTMOMI NST re TSIM TITIM INS 


cece we eee oer ee ec oe reece ee eoeereeeceer esc eeo ee se ere ee ee eset ooeeestoecosece 
OVTCg FTOT DIAN VNGSTNT ODNOVIT NEC BOTVOOMNDMOMsWe TANTO IT TIOVOT UMS Secor Sr Dar OS 
MAN e FITTOMMMMMAOT OES TSMORP USOC NUTTER RCS CNTGAIE EP CUNDADNHOOCLOEMYDIDeErPr 


eoceece see care eee ere eS FeO SeF FF LFE CHEF EEL ED oC Ce EE EL OOOO EEL CoO oo OOO 

DODDUNVTVDNVINNOVSE ONAUWOONT FT CONNa Ss cOUOT TOT TONOTOOUNDOUNSTOUNGC US 

DNODO-NNTTMMOMMNO- DOWNS TSEFCMCOrOUNNTTON ODVOVN ST SeOR LEE OAUMANADNAROCEOAM or 
— “a ~“_ < a— Set 


NOAA ONISOMM OT KON FSONNNVNON TOO NCNM MTSOCNFCUTONMEENTWNMM eRe DOMSNIM 
DROANN SCTRN SMS MS WLOTHWMOM OMSSTHANGMOMS FHRNOMSMHOHDLOVIONOTHasNMonNeownanoe 
NS 0-0-0. 2 0 0-0-0. 0.0 0.8 2 0.0 0.0 018-8 0.9 0-0. 6.0~0. 0.09 010-2 0X8 x2 © o~0~0-0.0-0.0.0-0 0-0 0.2 00-0-2 © ovo 0-8 
NAMM eT TO COR POM TT TOOUOESMS TIT IMOCCP REC TSTUOCR EP OTE OMR POST TO OWOEEr COCR Ee 


DOIN OID AW TW OW WL WNW OW GDL MMM MMMMMMMM MMM MMMMMMMUMMMMG 
WCO DD DOD DDDD DW QOD SDODDDDDODODDDDODO YO HODOK HON EUKO COU DOO OUOWN 


eeeecoceeeeeoes ef eee ae ee ese ee eee sce ee eases eee oer FOZ Fee2e2Fe Fe 2e SFE oe Oo 
vaesoresvrorogrrrssesqredgesesssosIisegertetcercessesetcgssssegser¢see¢seresgrcrsr2 


eeeerece sce eee oe Pe ee ese cee e Cree snes eseccere rere ers e tere eerccrerecececece 
NE et tet ot emg tt mt F010 GD OO D0 0 ttt tte PER REE RINNE RE RRR RRR NAAN 
WCOLIGOOWG0D DER EEE ERR ERR O OO DDE NED © SOTHO KOLO CN GEOL RT RT rR I I 

Et et de Nd et et ed es eed tt gett ted et tt tnt 


60 


(y) (DT) (DT) 


CT H/DT 


L/B 


B/L 


PT-1 breakwater with MS-3 (d = 4.7 m). 


Table A-4. 


4.640 (m) 
= 101.600 (cm) 
3.350 (m) 
0.219 
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12.200 (m) 
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Relative draft 
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Breakwater beam 
Log spacing 
B/DT 


Water depth 


BLOG/ DT 


(cm) 
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PT-2 breakwater with MS-3 (d = 4.7 m). 


Table A-5. 
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cr W/DT TyTN) T) 


L/B 


PT-2 breakwater with MS-3 (d = 2.0 m). 
(kg/m) 


(kg/m) 


Table A-6. 
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PT-DB breakwater with MS-3 (d = 4.7 m). 


Table A-7. 
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APPENDIX B 


FORCE MEASUREMENT CORRELATION (PT-1) 
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Figure B-]. Correlation of F and F, (MS=1, d = 2.0 m). 
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Figure B-2. Correlation of F and F (MS-1, d = 4.7 m). 
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Figure B-3. Correlation of F and F, (MS-2, d = 4.7 m). 
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Figure B-4. Correlation of F and 13s (MS-3, d = 4.7 m). 
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Figure B-5. Correlation of F and 19 (MS-1, d = 2.0 m). 
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Figure B-6. Correlation of F and 13 (MS-1, d = 4.7 m). 
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Figure B-7. Correlation of F and F, (MS-2, d = 4.7 m). 
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Figure B-8. Correlation of F and F, (MS-3, d = 4.7 m). 
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APPENDIX C 


DETAILED WAVE TRANSMISSION DIAGRAM 
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Figure C-1. PT-1 wave transmission data for MS-l. 
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Figure C-2. PT-l wave transmission data for MS-1 
(discrete H/L). 
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Wave Height Transmission Ratio Cy 
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Figure C-6. PT-l wave transmission data for MS-3 
(discrete H/L). 
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Figure C-7. PTI-l wave transmission data for MS-3 
(d = 2.0 m, discrete H/L). 
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Figure C-8. PTI-2 wave transmission data for MS-3 
(discrete H/L). 
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Figure C-9. PT-2 wave transmission data for MS-3 


(d = 2.0 m, discrete H/L). 
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